Abstract This paper presents a recent implementation of the radial heat flow method, a classical technique used to measure the thermal conductivity of materials, including the hardware designed to this end, as well as the theoretical formalism used to analyse the data. The novelty is in its application to high-aspect-ratio hollow cylindrical samples, more specifically sections of nuclear cladding tube, whereby samples representative of full length fuel clads can be measured instead of platelets, like in usual laserflash measurements. The apparatus designed and built to this end can accommodate tubular samples of varying length, diameter and wall thicknesses made of most materials, with the specific goal of determining the through-thickness thermal conductivity of silicon carbide composites, a highly anisotropic material under consideration as a fuel cladding material.
Introduction
Currently, there are significant efforts in nuclear materials research aiming at the development of new structural materials, which would better cope with accidental conditions than those currently employed. Silicon carbide-based ceramic matrix composites, known as SiC/SiC, are one the potential replacement material for nuclear fuel cladding in light-water reactors, as well as for structural components in GenIV [1] concepts, such as the gas-cooled fast reactor or the high-temperature reactor.
The experimental method presented here is known as the radial heat flow technique [2] [3] [4] [5] . It used to be common practice for testing solid samples until Parker and al. invented the laser-flash method in the 1960s [6] . Nevertheless, it is still currently used to measure the thermal conductivity of fluids, liquids and solid-liquid interfaces. Indeed, recent papers dealing with the thermal analysis of solidifying alloys such as the Bi-Ag eutectic system [7, 8] or Sn-Cd-Sb ternary systems [9] make use of a radial heat flow apparatus. In these cases, the probed sample-grain boundary grooves-permits the determination of thermal properties such as the Gibbs-Thomson coefficient of these alloys. Further details on these implementations of this method can be found in papers by Karadag [10] , Keslioglu [11] and Gündüz [12] . In its hereby presented implementation, this method is used with the objective to measure the effective through-thickness thermal conductivity of tubes made of new SiC/SiC composite material. Since the laser-flash technique could not be used to measure long hollow tubular samples, a modular, steady-state, experimental apparatus has been built and demonstrated in its ability to assess the thermal conductivity of a reference material.
Since the composite material features a high anisotropy, a measurement in this geometry is highly relevant. In the axial direction, i.e. the tube's z-axis, the conductivity is mostly dictated by that of the fibres since those are woven in that direction. On the other hand, the effective thermal conductivity, through the thickness of the cladding, is a more complicated issue; it depends on the architecture of the tube, the volume fractions of the respective phases, the residual porosity of the matrix, and the adhesion between the various layers making the whole composite piece. Furthermore, in view of the fact that the designs proposed by the industry [13, 14] are based on complex concentric architectures, understanding the mechanisms of heat transport across such structure is of high importance. As a matter of fact, the radial thermal conductivity of a fuel cladding is a critical parameter, as it influences the fuel centre-line temperature, i.e. reactor operation safety margins.
Theory Radial heat flow
In a radial heat flow apparatus, one measures the temperature drop across a cylindrical sample. Provided that the heat flux across the sample can be determined, it yields a direct measurement of the thermal conductivity. This is different from most of the nowadays commonly used methods such as laser-flash, MDSC or the hot-strip techniques which are all carried out in a transient regime, which are measuring the thermal diffusivity. In most designs, including the one presented here, one ensures that both the circumferential and axial components of the temperature field can be neglected at the measurement location.
Solving the heat equation under those assumptions, in the geometry featured in Fig. 1 , yields the radial temperature profiles in the heating element, as well as in the sample. Since the system is given enough time to reach thermal equilibrium, the time derivative is zero. Combining the solution of the heat equation solution with Fourier's conduction law yields Eq. 1.
With this, the thermal conductivity of a sample of dimensions r in ; r out , and l can be determined, provided that the heat rate through the sample _ Q in is known. This specific point is discussed in ''Heat transfer model'' section.
Radiative thermal conductivity
Depending on the optical properties of the measured material, infrared photons might be able to traverse the sample, thereby contributing to the overall thermal conductivity, as they may carry a non-negligible amount of energy. This subject has been treated by several authors dealing with thermal conductivity measurements of porous ceramics and insulation materials [5, 16, 17] . The radiative or radiation thermal conductivity is a function of the material refractive index n, average temperature and the total absorption coefficient a.
Although the expression, given in Eq. 2, varies with the third power of the temperature, in the case material with good thermal conductivities and low porosities, it generally contributes only in a limited extent to the effective conductivity of a material, since most conductive materials are either dense or optically opaque in the IR range. On the other hand, both the radiative and gaseous contributions to overall conduction [17] should not be neglected, when a material features high porosity and/or optical properties Fig. 1 Sketch showing the polar geometry in which the heat equation is solved as well as radial temperature profiles in the heating element and sample, from [15] allowing transport infrared radiation. In the present apparatus, the thermal transport through gas molecules is always negligible because the measurements are carried out in vacuum.
Implementation
The experimental device is made of a 70-cm-high, 20-cmdiameter vacuum chamber, a centrally positioned resistance heating rod made of graphite, a positioning system allowing for samples with diameters varying from 8 to 50 mm and lengths ranging from 4 to 20 cm. To reduce backreflections of the thermal radiation from the sample to itself via the chamber walls, those have been covered with a carbon-based paint so that their emissivity is closer to that of a black body. A view of the CAD model of the apparatus is shown in Fig. 2 .
A GW-Instek PSW 30-108 power supply provides a current ranging from 0 to 108 A at tensions ranging from 0 to 30 V. Thermocouples are placed at several positions to measure the temperatures required to determine the radiant heat fluxes between the relevant surfaces. In the current implementation, all thermocouples but the one on the heating element are of the K type. Since this apparatus has been designed to measure over a large range of temperatures, a platinum-rhodium-type R thermocouple is used on the resistance heater.
Contrarily to designs such as those by Peavy and Flynn [3, 4] , the sample cannot be kept isothermal along its length with this apparatus. This is due to the limitations imposed on the geometry by aspect ratios of the samples, as well as the need for modularity, so that different cladding designs might be characterised. As a result, additional thermocouples positioned at the top of the sample surface as well as at the top of the resistance heater are necessary to account for the axial temperature distribution along the lengths of the sample and heating rod.
The shortest possible samples have to be $ 30 mm long, whereas tubes as long as 250 mm can be fitted in the equipment. In terms of diameters, the smallest inner diameter must be around 5-6 mm to ensure that the inner thermocouples do not touch the heating rod, since this would lead to asymmetrical heating of the sample. Tubes with diameters as large as 50 mm can be brought in the apparatus for measurements.
Axial temperature profile
Even though knowing the axial temperature profile is not required for Eq. 1, which defines the radial thermal conductivity, it is necessary in the determination of the heating rate of the apparatus surfaces. Indeed, losses are likely to occur along the length of the sample, since it is not insulated along the z-axis of the sample. As a result, the inner surface of the sample and the heating wire form a ''cavity'', where the temperature is higher than in the rest of the apparatus. The difference between the measurement points at the top and middle of the heating element can reach magnitudes of more than 500 C at high temperatures. This effect has to be taken into account for the correct heat fluxes to be calculated.
The axial component of the temperature profile is described by Bessel-type functions, which are considered through case-specific finite element simulations. In this manner, heat maps such as the one presented in Fig. 3 are obtained. The shape of the z-axis profile is then extracted from these and fitted using Fourier series such as Eq. 3. Figure 3 illustrates the reason why the temperatures of the sample and of the heating element cannot be assumed to be uniform. Moreover, since radiosity calculations require a single temperature to be defined for each of the surfaces, the average of the three profiles shown in Fig. 3 should be used.
Heat transfer model
A drawback of this implementation of the radial heat flow method is that the measurements have to be carried out in vacuum to avoid oxidation, meaning that only thermal radiation ensures transfer of heat between the bodies. Therefore, an analysis of the radiant heat fluxes at a selection of relevant surfaces is required. The sketch presented in Fig. 4 shows all the locations, at which temperatures are recorded. This sketch does not respect the actual proportions (see Fig. 2 for this) , but illustrates the simplified geometry used in the upcoming Fig. 2 Rendering of the CAD model created to design the radial heat flow experimental apparatus, from [15] analysis. Both larger cylinders placed at the ends of the heating element serve as electrical connections, as well as holders. These do not need considering in the later discussion because four ZrO 2 discs are used to maintain the sample and the cylinders at their z-axis positions. Thanks to these, the components either above or below the discs are shielded from thermal radiation in the axial direction. For this reason, a subset of six surfaces can be considered in the radiant heat transfer calculations. This set is schematically represented in Fig. 5 . The parameters F ij are the view factors between any pair of surfaces i and j. These are geometrical functions describing the extent to which a surface i has a direct line of sight over another surface j.
Radiosity analysis
The radiosity method is a well-established analytical scheme used to calculate the radiant heat transfer among surfaces forming an enclosure [18] .
In Eq. 4, the subscripts em, r and tr, respectively, stand for the emitted, reflected and transmitted parts of the radiant heat flux per unit area U. Since all the bodies used in the apparatus are opaque, the transmitted parts are zero, leaving only two parts to determine. The method used to analyse the heat exchange is the formalism developed by Gebhart [19] . Gebhart's approach determines the factors C ij , which account for the fraction of the energy leaving a surface i, reaching another one, noted j, and being absorbed there. The starting point of the analysis is the energy balance on any surface j:
Here, the first term is the thermal radiation emitted by the surface, whilst the second is the sum of the energies radiated by the other surfaces absorbed at j. include all possible paths allowing thermal radiation to go from i to j, which means that even though i and j might not share a direct line of sight, C ij is not necessarily zero. Therefore, the amount of energy leaving i and absorbed at j is described by Eq. 6.
After some algebraic manipulation, this expression is expanded on the indices i ¼ 1; N and j ¼ 1; N, thus obtaining what is known as the Gebhart matrix C.
The matrix is obtained by solving C ¼ M À1 F. The factors of this matrix have properties similar to view factors:
• P N i¼1 C ij ¼ 1 since all the energy leaving a given surface has to be absorbed somewhere in the enclosure.
• e i A i C ij ¼ e j A j C ji , known as the reciprocity rule, which directly follows from the definition of view factors.
Introducing the Gebhart factors calculated with Eq. 7 in the energy balance from Eq. 5 yields the following expression for the heat rate at a given surface of the enclosure:
Using this expression, the amount of heat going through the sample, _ Q in , required in Eq. 1 is found by taking the difference between the heat rate exiting the sample outer surface, _ Q 5 , and that entering the inner wall of the tube, _ Q 4 . Note that the indices 4 and 5 refer to the ones sketched in Fig. 5 .
View factors
Based on the sketch featured in Fig. 5 , not all of the 36 possible view factors are greater than zero. As a matter of fact, exploiting some basic properties of view factors, several of these have to be zero. A summary of the factors required to describe the heat exchange are gathered in Table 1 .
The analytical expressions used to calculate the factors F 41 , F 44 , and F i6 ; i ¼ 2; 3; 5 can be found in papers by Brockmann, Leuenberger and Person as well as Rea [20] [21] [22] .
Results

Model validation
A 20-cm-long tube of stainless steel (316L), with an inner diameter of 38.4 mm and a wall thickness of 2 mm, was used to validate the heat transfer model. 316L was chosen because of its availability, and the easiness to weld thermocouples on a tube made with this alloy. Additionally, the conductivity of this steel is well documented, with full temperature range coverage data available. Based on data 
published by Ho et al. [23] , Eq. 9 is used to fit the thermal conductivity of 316L for temperatures between the ambient and 1000 C. Figure 6 shows the data acquired in a typical experimental run, the first graph features the recorded temperatures, whilst the second shows the emitted and absorbed heating rates at the considered surfaces. It shall be noted, that the temperatures measured on the sample, T in ; T out and T up , are almost identical at temperatures below 100 C. The data displayed in Fig. 7 shows experimental data with the fit of 316L literature data. The curve does not reach high temperatures, because the radiative heat transfer between the heating rod and the sample is inefficient. Indeed, since the emissivity of the steel tube is rather low, it does not absorb much energy. Moreover, the lower part of the temperature range, below an average sample temperature of 100 C does not fit the data from [23] . This is because the power required to heat up the sample in this range are extremely small, resulting in gradients too close to the accuracy of the thermocouples. Significant cooling of the external surface of the vacuum chamber could be implemented to reduce this effect by increasing the power required to reach equilibrium, thus possibly enabling measurements down to the ambient. Table 1 Summary of the view factors implicated in the radiosity calculations determining the heat fluxes between the heating rod, the sample and the vacuum chamber
Surface indices are the same as the ones used in SiC/SiC measurements other two cross sections shown in Fig. 8 . Compared to measurements performed on SiC/SiC platelets such as those reported by Youngblood [24] or Kohyama [25, 26] , who measured conductivities of 5-15 W m À1 K À1 , this new data shows that the prototype composite tubes are less conductive than lab-scale produced planar samples. In addition to significant geometrical and structural differences, the radial heat flow apparatus presented here separates the anisotropic components of the thermal conductivity, thus addresses only the lower transverse part of the effective conductivity. Furthermore, in the case of more porous structures, such as those of the GA-2 and GA-3 samples, photonic heat transport contributes to the overall conductivity since these become more conductive as the temperature increases.
The reason behind the very low thermal conductivity of these assemblies is attributed to their microstructure. Since it features several layers, which attachment to one another is rather poor, the thermal resistances at each of the interfaces is extremely high. This results in an insulating behaviour at low temperatures. In addition to this, the inhomogeneously distributed large pores lead to scatter in the thermal conductivity. As a matter of fact, depending on the measurement location, the conductivity of these tubes can almost vary by an order of magnitude. As the temperature elevates to a point where thermal radiation within the material becomes sufficient to contribute to the overall conductivity, the material shows a slight improvement in its heat transfer ability. Nonetheless, the behaviour of the here measured samples is not satisfactory for its intended use as a nuclear cladding. However, new materials candidates have already been developed by General Atomics, which show a much enhanced microstructure and layer bonding. According to measurements by the supplier, these samples also show a better heat transfer [27] .
Conclusions
This paper presents a new implementation of a classical thermal conductivity measurement technique. Since the development of the laser-flash method in the sixties [6] , steady-state measurements such as the radial heat flow have fallen in disuse. This apparatus was successfully tested and validated using a 316L stainless steel reference. In this article, it is shown that in specific cases, a direct measurement method can be used, and even be preferable. Highly anisotropic SiC/SiC composite tubes, which properties are influenced by their implementation geometry, are such a case. The advantage of this experimental device is that the actual transverse conductivity is obtained, whereas laser-flash measurements usually yield a response in which both the transverse and axial conductivities are partially mixed. More importantly, it enables the measurement of the properties of prototypes in their real design, instead of small platelets. Such a comprehensive testing is mandatory to assess the real quality of the final assembly, intended for an application where safety requirements are so high that no error can be allowed.
The experimental results highlight the necessity for good adhesion between layers made of different materials in complex systems such as multilayered SiC/SiC composite tubes. Lastly, this apparatus could easily be adapted to perform measurements on other types of samples and materials. It could for instance be fitted with a hollow cylindrical cell, with which the very actual topic of nanofluids could be addressed [28, 29] .
